Introduction
The remainder of the 21st century will present significant challenges for forest watershed management, as rapid and compounded environmental, economic and social change contribute to an increasingly uncertain future. Many of these changes portend a growing risk of water scarcity for a growing human population and greater vulnerability to extreme droughts and more intense storms. Forest hydrological science has a strong tradition of providing the information required for restoring and managing disturbed and stressed landscapes, positioning the field well to guide management to provide essential ecosystem services in the future. Indeed, the origins of the establishment of public forest lands for the protection of watersheds in the USA under the Weeks Act of 1911 (http://www.foresthistory. org/ASPNET/Policy/WeeksAct/index.aspx, accessed 10 April 2016) reflected a strong recognition of the role of forests in regulating water supply and providing high-quality surface water for aquatic ecosystems and human consumption. Knowledge gained from watershed research and management experience over the past century provides a solid foundation to prepare for future management decisions; however, it is not clear if the past alone will serve as an adequate model. Rates of contemporary landscape modification, climate change and altered disturbance regimes are unprecedented and few watershed ecosystems remain beyond the influence of human activity (e.g. Likens, 2001; Seastedt et al., 2008; Hobbs et al., 2009) . Hydrological cycles have already been altered and changes will continue as climate change, population growth, water diversion and numerous other environmental changes continue (Huntington, 2006; Naiman, 2013) . At the same time, there are societal expectations that watershed ecosystems can be managed to maintain functional states (Naiman, 2013 ). An assessment of how forest hydrology can be applied, adapted and expanded to address these challenges is critical for ensuring that water-based ecosystem services can be sustained in the future.
In this chapter we examine the role of forest hydrological science in the development and application of watershed management in the 21st century. We provide a brief synthesis of anticipated biophysical and socio-economic changes expected to occur over the coming decades and discuss critical watershed science needs and management responses to maintain watershed ecosystem services in the coming decades. We build on several recent discussions (e.g. National Research Council, 2008; Riveros-Iregui et al., 2011; Vose et al., 2012; Wang et al., 2012; Egginton et al., 2014) on the role of ecohydrology in addressing water resource challenges now and in the future. We focus our examples on forest watersheds in the southern US forests, as the complex mixture of public and private forest land ownership creates substantial challenges for watershed management at larger spatial scales. Despite the focus on the southern USA, the general principles are applicable to forest watersheds across the globe.
The last century of forest watershed research has provided a fundamental understanding of watershed hydrological processes and best management practices (BMPs) that either protect or restore these processes when watersheds are managed. The state-of-the-knowledge on forest watershed science has been summarized by Ice and Stednick (2004) for the continental USA, Lockaby et al. (2013) for the southern USA and de la Crétaz and Barten (2007) for the north-eastern USA. These summaries provide the following five key lessons for watershed management:
1. Forests provide the cleanest and most stable flows of surface water and groundwater recharge among all land uses. 2. Flow amount (water yield) and timing can be altered by forest management; flows can increase or decrease depending upon post-disturbance successional patterns. 3. Nutrient levels in forested watersheds are generally low; however, sediment loading can increase when disturbance results in erosion and sediment delivery. 4. Riparian areas and forested wetlands are especially important for regulating flows and protecting water quality. 5. The implementation of BMPs is critical for ensuring that forests can be managed to avoid or minimize adverse effects on water resources.
A recent National Research Council (2008) review assessed the applicability of these cornerstones and concluded that detailed understanding of hydrological processes and land-use effects at the experimental watershed scale is strong for comparatively short time periods (i.e. 5 to 15 years), but our understanding diminishes rapidly as spatial and temporal scales increase (e.g. to ecoregions, multiple decades). Hence, in this chapter we ask: (i) how will large-scale changes in land use and long-term changes in climatic conditions affect our ability to formulate and implement watershed management policies, plans and practices; and (ii) what new research questions and approaches will be needed to address critical information gaps and uncertainty? We address these questions by focusing on how our current understanding of forest watershed responses to management practices can be applied to sustain water resources and what new management approaches might be required. We consider the shift from a forest management philosophy in the eastern USA of avoiding water quality impacts to a more comprehensive view of forests as a vitally important land cover and land use required to sustain aquatic ecosystems, water supplies and public health (sensu Postel and Richter, 2003) .
Biophysical and Socio-Economic Changes Expected to Occur Over the Coming Decades
Changes in earth systems including atmospheric chemistry, nutrient and hydrological cycling resulting from human activities are significant enough to define a new geological epoch, the Anthropocene. Marking the end of the Holocene, the most recent 10,000-to 12,000-year interglacial period, there is some debate as to whether the Anthropocene began circa 1800 with the Industrial Revolution, in the post-war era of the 1950s, or about using those dates as the beginning of two stages (Steffen et al., 2007) . This is because human effects on atmospheric chemistry can be traced back to initial industrialization and the associated use of fossil fuels, beginning with coal-powered steam engines. By 1950, the concentration of atmospheric CO 2 had increased to 310 ppm from pre-industrial levels of 270-275 ppm (Steffen et al., 2007) . During the second half of the 20th century, the world population doubled and became more urbanized, global economic activity increased 15-fold and anthropogenic sources of reactive nitrogen (fertilizers, fossil fuel combustion) surpassed the sum of all natural production (Steffen et al., 2007) . Atmospheric CO 2 has surpassed 400 ppm and is increasing at an accelerating rate, accumulating an additional 2.25 ppm/year today -compared with 0.75 ppm/year in 1959 (Field et al., 2014) .
The Anthropocene will continue to be an era of significant and rapid change as the primary driving factors, human population growth and development, continue to accelerate. By 1950, temperate broadleaf and mixed forests covered less than half the earth surface capable of supporting this biome, and by 2050 it is estimated that another 10% will be lost (Millennium Ecosystem Assessment, 2005) . This is due in part to an expected world population of 9.5 billion by 2050, a 36% increase from 2010 (United Nations, 2013) . As the population grows, urban growth and development will continue as, by 2050, 66% of the world population is expected to live in urban areas, a 12% increase from 2014 (United Nations, 2014). In the Southeast USA, 12-17 million ha of additional development are expected by 2060, which represents at least twice the present area of urban land cover (Wear, 2013) . Urban growth will be particularly concentrated in the Southern Appalachian Piedmont, creating a connected urban corridor from Richmond, Virginia through Raleigh-Durham, North Carolina to Atlanta, Georgia (Wear and Greis, 2013; Terrando et al., 2014) . The increasing population will result in increased water demand. If current patterns of development continue across the region, the effects of urbanization will be exacerbated by low-density development ('sprawl') that increases the connectivity of developed areas while fragmenting and isolating natural areas (Terrando et al., 2014) . This translates to a loss of between 7 and 13% of regional forestland across the Southeast, with losses up to 21% in the Southern Appalachian Piedmont subsection (Wear, 2013) . As forest is replaced by urban uses, concentrations of sediment, nutrients, pollutants and pathogens all increase and degrade water quality (Lockaby et al., 2013) . Population growth and development also affect water availability; by 2050, water stress (defined as human demand divided by water supply) is expected to increase by 10% across the Southeast. As forest is lost, forest types are also expected to shift, with planted pine replacing much of the remaining natural pine (Huggett et al., 2013) .
In addition to development and rapid landuse change, the Anthropocene is an era of rapid climate change. Global average temperatures are estimated to have risen by 0.65-1.06°C between 1880 and 2012 (Field et al., 2014) . This trend is expected to continue, with an additional increase of up to 4.8°C in global average temperature by the end of the century (Field et al., 2014) . In the Southeast, average temperatures have increased by just over 1°C since 1970, with greater increases during the summer (Carter et al., 2014) . In the near future, the Southeast is expected to have a more variable climate with temperatures increasing by approximately 2 to 4°C and more days exceeding 35°C by the end of the century . Precipitation forecasts are more variable and while some models suggest minimal change, this could be an artefact of the regional position between the Southwest, where precipitation is expected to decrease, and the Northeast, where precipitation is expected to increase (Carter et al., 2014) . Even with the uncertainty of precipitation models, greater evaporative loss from increased temperatures may increase water stress. Most general circulation models predict that the frequency of extreme precipitation events will increase worldwide as the climate warms (O'Gorman and Schneider, 2009), likely increasing the magnitude and frequency of both flood events (overbank flow) and drought (both meteorological and hydrological). Many regions of the USA have recorded an increased frequency of precipitation extremes (i.e. more droughts and larger, high-intensity rainfall events) during the last 50 years (Easterling et al., 2000; Huntington, 2006; Field et al., 2014) . The timing and spatial distribution of extreme or low-probability events are among the most uncertain aspects of future climate scenarios. Forecasts are complicated by natural variability of inter-and intra-annual precipitation across the continental USA related to large-scale global climate teleconnections (e.g. El Niño Southern Oscillation, Pacific Decadal Oscillation, North Atlantic Oscillation) (Karl et al., 1995; Allen and Ingram, 2002) .
Extreme precipitation events are not the only sources of future uncertainty and variation; novel and compounded disturbances are expected to accelerate in the future. For example, climate change is expected to increase fire activity (Marlon et al., 2008) . Increasing temperatures and the resulting drier conditions will also increase wildfire risk, in part because of extended fire seasons. By 2060 in the Southeast USA, climate change is expected to increase the frequency and intensity of wildfires and extend fire seasons by up to 3 months . Large, high-intensity wildfires are uncommon in the region because of the effectiveness of longterm prescribed fire, fuel load reduction and wildfire suppression programmes. Hotter, drier conditions could limit the number of days that meet the criteria for controlled burning, thereby limiting the opportunity for fuel load reduction and proactive fire management (Melvin, 2012; Liu et al., 2013; Mitchell et al., 2014) . Further, under extreme future conditions, some fires will likely burn at high intensity regardless of prescribed fire management. This was the case in 2007, when the Georgia Bay Complex fires burned as crown fires through the Osceola National Forest, even in stands that had been treated with prescribed fire in the previous five years (Fites et al., 2007) . Severe wildfires can cause increased runoff and erosion by removing litter and duff layers, altering soil permeability and reducing evapotranspiration because of high tree mortality Certini, 2005; Doerr et al., 2006) . Future fire risk is also dependent upon future fuel dynamics, of which pests, diseases and invasive species are an increasingly important component. Pests and diseases amplify fire risk by causing mortality and, thus, increasing fuel loads. This is also true of some invasive species. For example, cogongrass (Imperata cylindrica) is a highly flammable invasive spreading rapidly throughout the Southeast (Bradley et al., 2010) .
In the Southeast, 9% of the forest contains at least one invasive species, with an annual spread rate exceeding 58,000 ha (Miller et al., 2013) . Many successful plant invaders are rapidly growing species with high evapotranspiration rates that increase water fluxes. In the western USA, Tamarix invasions have increased transpirational water fluxes and, in consequence, decreased streamflow (Ehrenfeld, 2010) . Although invasive plants with such a substantial effect are not yet present in the Southeast, the invasion of hemlock woolly adelgid (Adelges tsugae) alters hydrological cycling by removing eastern hemlock (Tsuga canadensis), an evergreen riparian tree Brantley et al., 2015) . The effects of invasive species on ecosystem structure and function are increasingly well documented (Lovett et al., 2006; Ehrenfeld, 2010) . However, less is understood about how novel or hybrid communities of multiple invasive species affect ecosystem functions (Hobbs et al., 2006 (Hobbs et al., , 2009 .
Novel ecosystems are increasing across landscapes as consequences of the Anthropocene, where nearly all ecosystems are affected by human activity. As defined by Hobbs et al. (2006) , novel ecosystems are characterized by species combinations that have not previously occurred in a biome, are a result of either direct or indirect human actions, and have become self-perpetuating. Many of these ecosystems are so different from earlier successional patterns and species assemblages that restoration efforts are unlikely or very difficult. It is, therefore, more likely that urban and suburban areas will, in some cases, need to be managed as novel or hybrid ecosystems to maintain ecological services, including water resources (Hobbs et al., 2014) .
Management Responses to Maintain Watershed Ecosystem Services in the 21st Century
While we expect that many of the principles of forest hydrological science derived from the previous century will continue to be highly relevant and applicable for the remainder of the 21st century, we propose that the rapid pace and scale of biophysical and socio-economic changes expected over the coming decades will require a combination of modified and new management approaches to maintain ecosystem services. For example, modifications of current BMPs to address greater precipitation variability might include wider riparian buffers, larger culverts at road crossings, and more efficient and stable road design. The need for new management approaches is driven in large part by the growing demand for freshwater. Water derived from forests has always been considered a valuable ecosystem service and watershed protection to maintain water quality was a primary focus. In the future, increasing demand for freshwater will likely place a greater emphasis on managing forests for water yield. Large-scale management may be necessary to meet the needs of an increasingly urbanized landscape. In the following section, we discuss two critical areas where forest hydrological science will need to advance to inform and support management responses (Vose et al., 2012) .
Managing species composition and stand structure to optimize water yield
The potential impacts of increased climate variability such as droughts and heavy rainfall events will be determined by the balance between precipitation (P) inputs versus tree water demand (potential evapotranspiration or PET) in the future. For example, forested areas in the arid Southwest are characterized by low P/PET ratios (<1), forested areas in the Northeast and Northwest are characterized by high P/PET ratios (>1), and large areas in the South USA have P/PET ratios near unity (Plate 13). Current ecological, socio-economic and watershed management systems have evolved in response to this balance between precipitation and potential evapotranspiration. In areas where precipitation greatly exceeds potential evapotranspiration, water is generally abundant, mesic species are favoured, and the management focus is on flooding and water quality protection. In contrast, in areas where potential evapotranspiration greatly exceeds precipitation, water is limiting, xeric species are favoured, and the management focus is on managing dry periods and associated disturbances such as wildfire and on developing reliable water supply sources for agriculture and human needs. Future scenarios suggest it is likely that at mid-latitudes, wet areas will generally get wetter and the dry areas will generally get drier (Field et al., 2014) . However, even if overall precipitation does not change, higher air temperatures will amplify the effects of droughts when they occur (Breshears et al., 2005) . In the southern USA, the high diversity of tree species and the ability to actively manage forests over much of the landscape provide a unique opportunity to develop or refine optimal watershed management strategies to protect water quality and, potentially, to increase or sustain water yields. Forests in the eastern USA are changing and these changes can affect water yield, quality and timing. Many areas of the Southeast have gained additional forested area over the 20th century as agricultural land use declined, and evapotranspiration has likely increased as a result (Kim et al., 2014) . In addition, forest species transitions have occurred due to purposeful management activities such as the establishment of plantation forests, but also due to successional processes and altered disturbance regimes. For example, from the early part of the 20th century, species composition in oak and oak-pine forests has transitioned throughout the eastern USA, a process that has been characterized as mesophication (Nowacki and Abrams, 2015) . This term is used to describe a shift in dominance away from species that tended to thrive in more xeric conditions with shorter fire rotations (e.g. thick-barked oak species). There are many potential factors that have contributed to this change, including wetter conditions, fire suppression and the maturation of much of the forest following widespread harvests during the 20th century (McEwan et al., 2011; Abrams, 2008, 2015) .
This change in species composition alters vulnerability to drought and the relative magnitude of water balance components through changes in evapotranspiration, both in terms of interception and transpiration (Zhang et al., 2001) . Physical canopy architecture, tree height and duration (evergreen versus deciduous) all affect interception rates (Calder et al., 2003) . Shorter trees have higher interception rates than taller trees of the same species, and evergreen species tend to have higher interception rates compared with deciduous species (Rutter et al., 1975; Calder et al., 2003; Ford et al., 2011) . In the Southeast, Ford et al. (2011) found that interception was almost twice as high in plantation pine stands (Pinus strobus) compared with mixed hardwood stands. Ford et al. (2011) also found that transpiration has a greater effect on evapotranspiration than interception, and transpiration is particularly important in dry years. Xylem anatomy and the resulting sapwood area are important determinants of stand transpiration (Wullschleger et al., 2001; . Mesophytic species are typically diffuse porous and have greater sapwood area than ring-or semi-ring porous species. As sapwood area increases, potential water transport increases (Enquist et al., 1998; Meinzer et al., 2005) . For example, transpiration rates for a given diameter yellow poplar (Liriodendron tulipifera) (diffuse porous xylem) are nearly twofold greater than for hickory (Carya spp.) (semi-ring porous) and fourfold greater than for oaks (Quercus spp.) (ring porous xylem) (Fig. 15.1) . In addition, transpiration and stomatal conductance rates of diffuse porous species are also much more responsive to climatic variation compared with ring-porous species such as oaks and hickories . When droughts are severe, diffuse porous, mesophytic species have higher mortality rates than ring porous species (Klos et al., 2009) . Watershed data also suggest that pine forests in general, and southern pine plantations specifically, have greater evapotranspiration, due to higher interception and transpiration, than corresponding hardwood forests (Ford et al., 2011) and are more vulnerable to drought .
Taken together, these findings suggest that forests in the southern USA are using more water now than in the past and that they could be more vulnerable to drought in the future. As such, it might be expected that streamflow gauges would detect decreasing trends in long-term streamflow; however, numerous factors influence streamflow, so establishing a simple causeand-effect relationship is challenging, especially at large spatial scales. For example, studies have detected both decreasing and increasing flows in the southern USA, which could be due in part to precipitation variability (Patterson et al., 2013; Kim et al., 2014; Yang et al., 2014) . Despite this variability in observations, management that shifts southern forests back towards more ring porous, drought-tolerant species might increase water yield and provide resilience to future drought. This change in species could be encouraged through increased use of prescribed fire, which should favour Quercus spp. and reduce mesophytic species. However, treatments must be repeated regularly and in some cases combined with manipulation such as thinning to achieve changes in relative species abundances (Green et al., 2010; Martin et al., 2011; Arthur et al., 2015) . In addition to prescribed fire, particularly in areas that cannot be burned, forest thinning could remove mesophytic species and favour water-efficient and drought-tolerant species.
Pine plantations are an important forest type in the southern USA, providing fibre and solid timber products for the region, nation and globe (Wear and Greis, 2013 Ford et al., 2011.) substantially increased productivity (Fox et al., 2007) of southern pine plantations; however, these highly productive forests also tend to use more water (Jackson et al., 2005; Ford et al., 2011; King et al., 2013) and are more vulnerable to drought Ward et al., 2015) . Some suggest that the acres planted in pine will increase in the future (e.g. Huggett et al., 2013) , with values ranging from an increase of 20 to 25 million ha by 2060, depending upon assumptions related to climatic and economic conditions (e.g. global forest products markets, biomass energy). Where and when water is plentiful, it is unlikely that this expansion will have adverse effects on water resources. However, under more variable rainfall or in areas where water is (or will be) increasingly scarce, expansion of pine plantations or other fast-growing trees could have negative effects on water resources (Calder et al., 2009; King et al., 2013; Vose et al., 2015) . Alternatives include managing plantations with lower stocking or managing for species that use less water (Calder et al., 2009) , such as restoring longleaf pine (Lockaby et al., 2013) . Management actions can also be implemented to minimize the impacts of drought on water quality. In more developed areas, an obvious measure is to limit stream water withdrawals (Webb and Nobilis, 1995; Meier et al., 2003) and, if possible, wastewater discharge during periods of low flow, and encourage re-use of treated wastewater to help reduce highertemperature effluent volume entering streams (Kinouchi, 2007) . In forested areas, efforts should focus on minimizing inputs of sediments and nutrients into the stream. It may be beneficial to plan the timing of management activities so they do not disturb streams during low flow. Since removal and alteration of riparian vegetation increases stream temperatures (Beschta et al., 1987; Groom et al., 2011) following timber harvest (Swift and Messer, 1971; Swift and Baker, 1973; Wooldridge and Stern, 1979; Sun et al., 2004) and wildfires (Dunham et al., 2007; Isaak et al., 2010) , maintaining or increasing shading effects of riparian forest canopy reduces fluctuations in water temperature, dissolved oxygen concentrations and stress (both acute and chronic) on aquatic organisms (Burton and Likens, 1973; Swift and Baker, 1973; Peterson and Kwak, 1999; Kaushal et al., 2010) .
Managing at larger spatial scales
Forest management for water resources should attempt to address the landscape scale of major river systems. In the Southeast USA, growing metropolitan areas of the Piedmont are dependent upon watersheds that originate in the largely forested Mountain region. Downstream of the rapidly urbanizing Piedmont, the Coastal Plain includes large areas of agriculture and plantation forestry. Water supply and management systems are embedded in this matrix of forest, urban and agricultural landscapes. This complex, but interconnected landscape provides a broader context for forest management. As the growing human population becomes increasingly urbanized and demand for freshwater increases, we expect a greater need for forest watershed management options to provide a stable supply of freshwater. The concept of managing forests at large spatial scales to augment annual streamflow is not new (Douglass, 1983) ; however, recent severe drought in many areas of the USA has increased awareness of the relationship among forest disturbance and management, drought and streamflow (Ford et al., 2011; Jones et al., 2012) . Since harvesting often increases annual water yield, it has been suggested that the effects of drought could be mitigated by maintaining lower-density forests (McLaughlin et al., 2013) . Less-dense forests might provide increased water yield while reducing water stress on trees during drought.
While we have a good understanding of the effects of disturbance and forest management on water yield from studies on small watersheds, it is not clear if effects can simply be scaled up and results extrapolated over larger spatial scales (National Research Council, 2008) . Tools such as remote sensing, GIS and networks of sensors can facilitate studies across larger spatial scales. In addition, hydrological models are an important tool for scaling across space and time, and they can also be used for retrospective analyses of complex systems and to generate future scenarios, identify critical knowledge gaps and generate new hypotheses. As an example, we used RHESSys, a regional hydro-ecological simulation system (Tague and Band, 2004) to further examine the potential for using forest management to increase water yield at larger spatial scales. The RHESSys model has been used to assess the effects of climate, fire and urbanization on water resources across multiple ecosystems (e.g. Tague et al., 2009; Mittman et al., 2012; Godsey et al., 2014; Hwang et al., 2014; Vicente-Serrano et al., 2015) . As a case study, we used the Beetree Creek watershed, which is a 1414 ha watershed in the Appalachian Mountains of western North Carolina where streamflow has been recorded daily by a US Geological Survey gauge since 1926. Runoff from Beetree Creek collects in a reservoir that serves as a secondary drinking-water source for the city of Asheville, North Carolina. Over a 6-year simulation period, we found that a 50% reduction of forest density, with a 30 m riparian buffer, mitigated the effects of a 20% reduction in precipitation, although the effects seemed to decline in the last year (Fig. 15.2a) . When we removed all precipitation in June-August to simulate an extreme summer drought, the same 50% reduction in forest density with a riparian buffer still exhibited a mitigating effect, particularly during the dormant season, likely due to soil water storage (Fig. 15.2b) . This might be a significant contribution during dry periods, particularly in watersheds such as this one that are part of a municipal water supply.
Although it is clear that streamflow can be altered with forest management, major challenges remain in managing forests to enhance water supply. First, a large proportion of the watershed has to be cut in order to increase annual water yield at large spatial scales (Bosch and Hewlett, 1982; Ice and Stednick, 2004) . Consequently, the potential increases in streamflow through forest cutting are minimal due to limitations on the amount of land that can be harvested at any given time (Kattelmann et al., 1983) . Our simulation experiment was conducted on a small (1414 ha) watershed; this harvest likely had little or no detectable effect downstream or on the overall 481,220 ha Upper French Broad River watershed. In addition, streamflow responses are often short-lived due to rapid forest regrowth (especially in the eastern USA; Swank et al., 2014) and the aggrading post-cut forest may actually have lower streamflow than the uncut forest (Ford et al., 2011) . And, because of the unpredictable nature of droughts, it is impractical to time harvesting operations as a drought response strategy to maintain streamflow. In contrast to management actions that are intended to augment streamflow, increasing drought stress in some forest ecosystems may warrant management strategies that retain water (and hence reduce streamflow) on the landscape in order to minimize tree mortality (Grant et al., 2013) . Even in cases where thinning might not increase streamflow, lower-density forests are likely to be more resistant and resilient to drought conditions, allowing the majority of trees to survive and resume ecosystem service production in the future. Further, replanting or regenerating harvested forests with species that consume less water is a longer-term solution that may be more effective in some cases, so long as it is economically feasible and does not adversely affect other forest management objectives, such as forest productivity, carbon sequestration, wildlife habitat and water quality (King et al., 2013) . Overall, our experiments simulating reduced precipitation and an extreme drought (Fig. 15.2a and b ) support suggestions that future conditions might at times exceed the capacity of forests to provide ecosystem services, including water resources. Therefore, management of coupled social-ecological systems must include water use and storage strategies to bridge the gaps created by extreme conditions during severe or extended droughts. For example, municipalities will need strategies to maintain water supplies, such as reducing consumption, increasing conservation, adding additional emergency sources or creating additional storage.
Conclusions and Recommendations
The remainder of the 21st century will present significant challenges for forest watershed management, as rapid and compounded biophysical and socio-economic changes contribute to an increasingly uncertain future. Many of these changes portend a growing risk of water scarcity for a growing human population and greater vulnerability to extreme droughts and more intense storms. A century of forest watershed science has been critical for ensuring the sustainability of water resources derived from forest watersheds. We know with certainty that forest vegetation has a strong influence over the water balance and hydrological and biogechemical cycling processes and that BMPs must be implemented to protect water resources in managed forests. A key question is whether our current understanding, tools and management practices will be applicable in the remainder of the 21st century. We propose that much of our understanding of forest hydrological processes and how to manage forest watersheds accordingly will continue to be applicable; however, the rapid pace and magnitude of change will constrain management outcomes. We expect that forests will continue to remain a better land-use choice compared with non-forest alternatives for clean, stable water resources, but new adaptive management regimes may be needed to reduce water demand and maintain forests on the landscape. Although it is understood that processes like evapotranspiration, water yield and timing are affected by forest management, the duration and spatial scale of these effects merit further investigation (National Research Council, 2008) . Projections indicate a future of increasing pine plantations and expansion of fast-growing species for carbon sequestration and bioenergy, but landscape-scale effects on water yield and quality, and the magnitude of potential trade-offs between managing for carbon and water, have not been systematically explored across time and space (Jackson et al., 2005; King et al., 2013) . The likelihood of increasing water scarcity will require a better understanding of how to manage forest structure and species composition for both maximum water yield and minimized tree mortality. Forests changes in the eastern USA (i.e. via succession and intensive forest management) have created forests that require more water and are more drought-prone. The challenge of managing forests at large spatial scales suggests a need to identify if and where management would be particularly effective in increasing water yield and, thus, water supplies. Further research could also identify the most drought-vulnerable areas so that management could be prioritized to increase forest resilience. Modelling studies provide a valuable tool for examining potential short-and long-term consequences of forest management on water resources, forest resilience and other ecosystem services, including carbon sequestration and wood and fibre production, at landscape scales. However, modelling must be accompanied by continued or additional monitoring not only of small watersheds, but large ones as well. When and where possible, experiments nested across larger watersheds using an adaptive management approach would provide the most realistic and useful information.
